Abstract 1 1. The estimation of extinction dates from limited and incomplete sighting records 2 is a key challenge in conservation (when experts are uncertain whether a species has 3 gone extinct) and historical ecology (when the date and mechanism of extinction is 4 controversial).
Introduction
make an assumption about the distribution that generates those sightings before (and 
(1) 112 w = (e M −1 e)
where e is a vector of k 1's, and M is a k by k matrix, for which
An upper 95% confidence bound is given for the OLE by 
The OLE is one of the most popular EDEs, in large part due to its strong performance are desired from an extinction date study.
124
One significant drawback of the OLE, and similar estimators, is that the inclusion 
where t L is the date of the last certain sighting (the starting point of when extinction 152 is possible). Based on the likelihood of the underlying Poisson process for sightings, the 153 likelihood of the dataset given any extinction date is
where ω is a stand-in for Ω, to allow integration over all possible values of Ω, the true 155 value of which is unknown. In model 2, certain and uncertain sightings are generated by 156 two independent Poisson processes, and the conditional likelihood of the whole dataset is 157 the product of the likelihoods of the respective sub-datasets:
where ω is again a stand-in for Ω.
159
The probability the species went extinct in (0, T ], an event E, can be expressed using
160
Bayes' theorem:
The prior probability of extinction p(E) is somewhat hard to set, so for explicit calculation,
162
it is often uninformatively set to 0.5 (extinction and persistence are equally likely). If
163
p(E) = p(Ē) = 0.5, that formula can be reduced to
which can be readily interpreted as the "probability of persistence" for the given year. In 165 some cases, researchers may opt instead to use the Bayes factor, which expresses relative 166 support for the alternative hypothesis and is given as
A higher Bayes factor implies stronger support for extinction, where a value of 3 or higher 168 could be taken as strong evidence the species had gone extinct. While the advantage of 169 the Bayes factor is that it avoids the problem of setting p(E) altogether, both the Bayes 170 factor and p(E|t) require setting the conditional likelihood of the data p(t|E), which
and conversely p(t|Ē) is evaluated using the same function but settingT E as T . The first 173 term can be evaluated as derived above; but the prior probability of a given extinction 174 date p(T E ) is again subjective and difficult to set. The selection of priors for Bayesian
175
EDEs is an important part of correctly implementing these methods (Solow, 2016 
Estimating Spatial Extinction Surfaces

231
The primary function of spatExtinct is to spatially interpolate the models we describe 232 above, using spatially-explicit occurrence data. The OLE and SB models are respectively spat.SB to find areas whereT E is later than the current year, but we have also included 252 an explicitly probabilistic function spat.SB.probs that estimates the probability of 253 persistence in a set year. That approach would work based on a hypothesis test that the 254 date of extinction T E is not before the current time T , where assuming some significance 255 cutoff α, we delineate cells (i, j) for which
For instance, if we wanted to identify areas where there is at least a 10% chance the 257 species
is not yet extinct, we would set α = 0.10 and map all cells meeting that criterion.
258
We suggest that this more effective, or at the least more subjective on the user end, than 259 simply cutting off byT E ≤ T .
260
We also suggest that researchers can easily interface SEDEs and ENMs, as a simple 261 but powerful approach to optimizing rediscovery efforts with almost no a priori assump-262 tions. Ecological niche models represent the probability of a species' presence relative to 263 a given set of environmental variables, and so a combined probability of rediscovery can 264 be conceptualized as
This relative approach does not represent a "true probability" of rediscovery, but can be 266 used to prioritize search efforts in areas of suitable habitat with plausible undiscovered 267 populations, or to guide reserve design for cryptic or rarely-sighted species, for example.
268
The implementation of that process is particularly flexible; for instance, we can identify taking the product to approximate P (rediscovery), and identifying areas where the 276 combined probability is above either a pre-determined threshold or a quantile (e.g.
277
mapping the top 10% of sites as hotspots of possible rediscovery).
278
We include no direct tool to interface ENMs and SEDEs, not due to lack of feasibility, 279 but because we stress the importance of careful user-end precision in the implementa- For the OLE method, we found that error rates were minimized around k ≈ 7, with limited The hypothesis that Bachman's warbler has been extinct for several years was sup- around the Chesapeake Bay. These estimates still suggest that the species was likely 417 extinct by the mid-1970s.
418
As a final test, we used the probability of persistence (p(T E ≤ 2017), generated with Combined probability of rediscovery (product of probability of persistence from EDE and environmental suitability from ENM).
